A detailed computational model is developed to simulate oxygen transport from a three-dimensional (3D) microvascular network to the surrounding tissue in the presence of hemoglobin-based oxygen carriers. The model accounts for nonlinear O 2 consumption, myoglobin-facilitated diffusion and nonlinear oxyhemoglobin dissociation in the RBCs and plasma. It also includes a detailed description of intravascular resistance to O 2 transport and is capable of incorporating realistic 3D microvascular network geometries. Simulations in this study were performed using a computer-generated microvascular architecture that mimics morphometric parameters for the hamster cheek pouch retractor muscle. Theoretical results are presented next to corresponding experimental data. Phosphorescence quenching microscopy provided PO 2 measurements at the arteriolar and venular ends of capillaries in the hamster retractor muscle before and after isovolemic hemodilution with three different hemodilutents: a non-oxygen-carrying plasma expander and two hemoglobin solutions with different oxygen affinities. Sample results in a microvascular network show an enhancement of diffusive shunting between arterioles, venules and capillaries and a decrease in hemoglobin's effectiveness for tissue oxygenation when its affinity for O 2 is decreased. Model simulations suggest that microvascular network anatomy can affect the optimal hemoglobin affinity for reducing tissue hypoxia. O 2 transport simulations in realistic representations of microvascular networks should provide a theoretical framework for choosing optimal parameter values in the development of hemoglobin-based blood substitutes. r
Introduction
The microvasculature is the site of oxygen transport to tissue and regulation of local blood flow, and therefore has been studied extensively. Motivated by experimental observations in skeletal muscle, Krogh (1919) presented a simple mathematical model for oxygen transport in capillary-perfused tissue. The model assumed uniformly spaced parallel capillaries, each receiving the same convective O 2 supply and delivering O 2 to the same amount of tissue. The uniformity of the capillary/tissue configuration allowed a single capillary and the surrounding 'tissue cylinder' to be considered; several other simplifying assumptions then made an exact solution possible. The Krogh model has provided many valuable insights into O 2 transport; however, over the last two decades it has been substantially extended to include many physiologically important aspects of microvascular O 2 delivery. In particular, it is now known that the complexity of microvascular geometry and hemodynamics (Pittman, 1995) , as well as blood transport properties (Hellums et al., 1996; Popel et al., 2003) , can significantly affect O 2 delivery to tissue.
Given the physiological importance of microvascular O 2 delivery, it is of interest to obtain a better quantitative understanding than is possible with the Krogh model. However, the complex nature of microvascular oxygen transport has posed difficulties. Experimentally, it has been difficult to measure the main quantity of interest, the tissue O 2 concentration (or partial pressure, PO 2 ), in three dimensions with a micron resolution. This has motivated theoretical work to enable calculation of tissue PO 2 distributions (Popel, 1989) . Modeling studies in skeletal muscle have shown the importance of many features neglected in the Krogh model, including heterogeneity of parallel capillary spacing (Hoofd and Turek, 1996) , heterogeneity of capillary convective O 2 supply (Ellsworth et al., 1988; Popel et al., 1986) , diffusive shunting between capillaries (Ellsworth et al., 1988; Wieringa et al., 1993) , capillary tortuosity and anastomoses (Goldman and Popel, 2000) , interactions between capillaries and arterioles (Secomb and Hsu, 1994) , and intravascular transport resistance (Federspiel and Popel, 1986) . In addition, it is known that O 2 transport from pre-and post-capillary vessels (arterioles and venules) can be significant in resting muscle (Kuo and Pittman, 1988; Swain and Pittman, 1989) . Therefore, these features are desirable for realistic modeling of O 2 transport in skeletal muscle, as well as in other tissues (e.g., brain (Hudetz, 1999; Kislyakov and Ivanov, 1986) , heart (Beard and Bassingthwaighte, 2001; Beard et al., 2003; Wieringa et al., 1993) , tumors (Secomb et al., 1993 (Secomb et al., , 2004 ).
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This need for a high degree of realism is particularly great when situations of relatively low O 2 supply are considered, which is generally the case for applications of blood substitutes (Winslow, 2002) . Hemoglobin-based oxygen carriers (HBOC) with different properties (i.e., oxygen affinity, molecular size, NO reactivity) have been developed and hold promise as blood substitutes. Diaspirin cross-linked hemoglobin (DCLHb), for example, is a firstgeneration artificial oxygen carrier that has O 2 affinity similar to the erythrocytic hemoglobin (P 50 ¼ 32 mmHg; Hill coefficient ¼ 2.4). 3261BR on the other hand, is a genetically cross-linked human hemoglobin that was made by recombinant methods to have a higher O 2 affinity (P 50 ¼ 14.6 mmHg; Hill coefficient ¼ 2.15). However, at this point the optimal values for the design parameters of these products (including their affinity for O 2 ) have not been established and theoretical studies can assist in this effort.
The purpose of this paper is to extend a previously described mathematical/computational model (Goldman and Popel, 1999 , 2001 Goldman et al., 2004; Popel et al., 2003) so that it can describe oxygen delivery to tissue in the presence and absence of plasma-based hemoglobin. The current work modifies the original model by the addition of arterioles and venules to the geometric component and the addition of plasma hemoglobin to the blood flow and O 2 transport components. This work also contains an approximate derivation of intravascular O 2 transport resistance in the presence and absence of blood substitutes that agrees with, but is much simpler to use than, full-scale intravascular transport calculations.
Thus, in this study, we present the methodology for the development of a computational model that can describe O 2 transport in macroscopic tissue volumes after transfusion of HBOC. The study also presents sample results of blood flow and O 2 transport in muscle. Representative theoretical simulations are presented next to corresponding experimental data in three hemodilution scenarios from previous studies. Experimental measurements of PO 2 in the arteriolar and venular end of capillaries from hamster cheek pouch retractor muscle are reported. Sample simulations are also presented at increased O 2 consumption rate that yields hypoxic tissue regions. The model represents a significant advance in theoretical capabilities for studying microvascular O 2 transport, especially when blood substitutes are involved.
Methods
Microvascular network: Three-dimensional (3D) microvascular networks from different tissues have been reconstructed using a number of different methods such as scanning electron micrographs of corrosion casts or intravital confocal microscopy (Secomb et al., 2004) . In skeletal muscles, most capillaries run approximately parallel to muscle fibers, allowing the construction of a computer-generated approximation of the vascular network by random placement of capillaries around cylindrical muscle fibers of hexagonal arrangement. The computer-generated network in this study was restricted to fit morphological tissue parameters such as fiber diameter, capillary length, density and tortuosity, and number of anastomoses per capillary length (Appendix A). Fig. 1 depicts a network construction representing a tissue block of striated muscle containing capillaries and the supplying arterioles and draining venules. The network is based on morphological parameters for the hamster cheek pouch retractor muscle, which include muscle fibers of 40 mm diameter (Bennett et al., 1991) ; average arteriole-tovenule length of 400 mm (Dong, 1997; Ellsworth et al., 1988) ; capillary density (CD) of 1200/mm 2 (Dong, 1997; Ellsworth et al., 1988) ; 10% tortuosity and 11 anastomoses per tissue module. A tissue module is defined as the tissue block containing capillaries supplied by a single arteriole. For the particular tissue, a module contains an average of approximately 12 capillaries (Berg and Sarelius, 1995) . We define a unit tissue block of size 100 Â 100 Â 800 mm that contains capillaries from two modules feeding arterioles and draining venules. This arrangement allows periodic boundary conditions to be applied in the entrance and exit of the unit tissue block. In the network presented in Fig. 1 , the arteriole is placed in the middle of two venules which generates two equidistant modules of approximately 100 Â 100 Â 400 mm. An alternative arrangement was also constructed with distances between arteriole and neighboring venules 325 and 475 mm, (Fig. 8A ).
Network hemodynamics: Network discharge hematocrit (H D ) and blood flow (Q) distribution are estimated from the discharge hematocrit at the inlets of the network and the pressures at the network's inlets and outlets. Empirical correlations by Pries et al. (1990 Pries et al. ( , 1994 are utilized to account for the dependence of blood apparent viscosity on hematocrit and vessel diameter (Fahraeus-Lindqvist effect) and the uneven distribution of blood and red blood cell (RBC) flow at diverging bifurcations (phase separation effect). The correlations from Pries et al. (1994) were adapted here to form a correspondence to hamster blood by scaling the diameter-dependent terms with the cube root of the RBC volume (human 92 Â 10 À3 , rat 58 Â 10 À3 , hamster 69.3 Â 10 À3 pL) (Altman and Dittmer, 1971) . A Poiseuille-like formula is applied to each vessel to correlate flow and pressure drop, and blood and RBC flows are conserved at bifurcations. The equations that describe blood flow and hematocrit distributions are coupled (i.e., due to Fahraeus-Lindqvist and phase separation effects) and thus simultaneous solution of the equations is required. To obtain the solution, we utilize an iterative algorithm where the blood flow distribution is predicted for a given hematocrit distribution. A new hematocrit distribution is then estimated based on the newly acquired blood flow and the process is repeated until convergence.
Intravascular mass transfer coefficients: Intravascular mass transfer coefficients were estimated using a previously developed finite element method (FEM) model of oxygen transport around discrete RBCs flowing single file through a capillary (Eggleton et al., 2000; Vadapalli et al., 2002) . Briefly, O 2 transport in and around capillaries containing discrete parachute-shaped RBC flowing in the lumen of the capillary was investigated using a FEM. The FEM provided the O 2 concentration distribution and the flux of O 2 from the RBC (J RBC ) and at the capillary wall (J). An overall mass transfer coefficient was defined as follows:
where J is the average O 2 flux per unit surface area at the capillary wall,P RBC the volume average PO 2 in the RBC andP wall is the surface average PO 2 at the capillary wall. A cell mass transfer coefficient was defined as follows:
where J RBC is the oxygen flux leaving the RBC defined on a per unit capillary length basis (not RBC surface area) and P pl is the volume average plasma PO 2 . FEM simulations and curve fitting provided an empirical relationship for the dependence of k o and k cell on tube hematocrit (H T ) and RBC oxygen saturation (S RBC Hb ):
FEM simulation results depend on a number of parameters including the geometry of RBCs and the diameter of the capillary (Vadapalli et al., 2002) . FEM simulations are required for an accurate description of the intravascular transport of O 2 . Both mass transfer coefficients are needed to trace oxygen content (hemoglobin saturation and oxygen partial pressure) in both the RBC and plasma (i.e., blood is treated as a two-phase medium). Alternatively, we can assume that PO 2 is approximately the same in the two phases (i.e.,P RBC %P pl ). In this case, blood is treated as a homogeneous fluid (i.e., a solution of hemoglobin(s)) and the discrete nature of RBCs is taken into consideration in the network calculations through k o . Finite element simulations utilizing parameter values for the hamster cheek pouch retractor muscle under resting conditions suggest that this is an acceptable approximation (i.e.,P RBC ÀP pl o1 torr).
In the presence of a HBOC, k o should increase due to facilitation of oxygen diffusion by the plasma-based hemoglobin. Thus, k o becomes a function of HBOC concentration (C Alternatively, fitting Eq. (4) to data from FEM simulations provides a better estimation of w (Fig. 2) . The partial derivatives of oxygen saturation with respect to partial pressure of oxygen depend on hemoglobin affinity and cooperativity. Fig. 2 presents predictions for the mass transfer coefficient in the presence of 7 g/dl of plasma-based Hb from finite element simulations (Vadapalli et al., 2002) and from Eq. (4). Tube hematocrit was 20% (i.e., L RBC /LE0.3). The agreement of Eq. (4) with the FEM simulations is examined for HBOCs with P 50 's 10, 20, 30 and 50 mmHg while n pl is held at 2.2. A weighting factor of w ¼ 0.4 is used in the simulations.
Oxygen transport model: The oxygen transport model is modified from (Goldman and Popel, 2000) to include oxygen transport in the blood by the plasma-based hemoglobin. In the tissue, the equation that describes the oxygen transport includes nonlinear O 2 consumption and myoglobin-facilitated diffusion:
where P( 
erythrocytic phases. Transport of dissolved and hemoglobin-bound oxygen is considered in both phases: Plasma phase:
Erythrocytic phase:
where x represents the distance along the vessels axis, v b the mean blood velocity and R the vessel radius. Assuminḡ P RBC ¼P pl ¼ P b and steady-state conditions, Eqs. (6) and (7) reduce to
Local equilibrium was assumed between dissolved and Hb-bound O 2 in both the plasma and erythrocytic phases. The hemoglobin oxygen saturation in the two phases is described by the Hill
. For the solution of the model's equations, no-flux or periodic boundary conditions are specified at the long sides of the tissue block (i.e., x-z and y-z planes) and a periodic boundary condition is applied to the two capillaryintersecting sides (i.e., PO 2 j x;y;z¼0 ¼ PO 2 j x;y;z¼z max ). The oxygen content at the inlets of the microvascular networks is also required. We assumed a fixed O 2 loss of 1.73 Â 10 À9 ml O 2 /s in the network located upstream from the microvascular network considered in order to match experimental data (Pittman et al., 2003) . Based on this value, the predicted inlet PO 2 for each examined scenario is summarized in Table 2 (see description in the results section below).
At the interface between blood vessels and tissue, continuity of flux yields
where n is the unit normal vector at the vessel wall and P w the local PO 2 at the wall. Due to the boundary condition in Eq. (9), the equations that describe oxygen transport in the blood and tissue are coupled and thus their simultaneous solution is required. The algorithm for numerical solution of the problem is described in Appendix A. Model parameters: Model parameters used in this study are summarized in Table 1 and were chosen to represent resting hamster cheek pouch retractor muscle, a tissue for which experimental data were available. The number of capillaries in the tissue module agrees with experimental observation for the average number of capillaries supplied by a single arteriole (Berg and Sarelius, 1995) . Twelve capillaries in a tissue block with a cross-section of 100 Â 100 mm 2 provide a CD of 1200 mm À2 , a value close to experimental observations (Ellsworth et al., 1988) . Values for O 2 tissue diffusivity (D O 2 ) and solubility (a) are from experimental studies in hamster retractor and frog sartorius muscle (Mahler et al., 1985) , respectively. The value for the O 2 consumption rate (M o ) corresponds to resting retractor muscle (Sullivan and Pittman, 1984) . The diffusivity of Mb (D Mb ) and the PO 2 for half maximum saturation of Mb (P 50,Mb ) were estimated by Jurgens et al. (1994) . The concentration of Mb in the hamster retractor has been measured by Meng et al. (1993) . O 2 -Hb dissociation parameters for hamster are based on the results of Ellsworth et al. (1988) . O 2 and Hb diffusion coefficients in the plasma and RBC are functions of Hb concentration in the respective region (Bouwer et al., 1997) . O 2 solubilities in plasma (a pl ) and RBCs (a RBC ) are based on experimental data in human blood (Altman and Dittmer, 1971; Christoforides et al., 1969) . In the experiments, Hespan (a no-hemoglobin containing starch, used as a volume expander), DCLHb (MW ¼ 64 kDa; concentration 10.0 g/dl; P 50 ¼ 32 mmHg; Hill coefficient ¼ 2.4) and 3261BR (MW ¼ 64 kDa; concentration 9.1 g/dl; P 50 ¼ 14.6 mmHg; Hill coefficient ¼ 2.15) were used as hemodiluents. Both hemoglobin compounds were supplied by Baxter Hemoglobin Therapeutics, Boulder, CO.
Results

Isovolemic hemodilution study
Simulations were performed for exchange transfusion scenarios using three different hemodiluents for which experimental data of blood PO 2 are available (Pittman et al., 2003) . Simulation parameters for each hemodilution scenario are summarized in Table 2 and were chosen to resemble the experimental conditions. Experimental measurements of the blood flow rate and detailed description of network geometry were not available to complement the experimental data. Thus, a direct comparison between theory and experiment was not sought. Rather, relative changes and trends observed in silico and in vivo will be compared.
Network hemodynamics: Figs. 3A and B depict velocity and hematocrit distributions, respectively, for the network presented in Fig. 1 . Discharge hematocrit is presented as color coded in this graph. A discharge hematocrit of 50% (control case) and a pressure drop of 11.5 mmHg from the arteriolar inlets to the venular outlets were used in the simulations. The pressure drop was chosen such as to provide capillary RBC velocities within the physiological range. Simulations reveal significant heterogeneity in the hematocrit and velocity distributions, despite the relative symmetry of the constructed network. Anastomoses often appear with diminished hematocrit and reduced blood flow. Frequency distributions for the velocity and hematocrit in the network are presented in Figs. 3C and D (solid bars). In both cases, the relative frequency is weighted by the vessel length. Simulations were also performed for a reduced hematocrit scenario. Hemodilution to 10% hematocrit decreases vascular resistance through a decrease in the viscosity of the blood. This results in a significant increase in the average network velocity (striped bars). The model does not account for other factors that will affect capillary blood flow, such as changes in vascular resistance from release of vasoactive modulators, increase in blood viscosity by the presence of plasma-based hemoglobin or changes in systemic blood pressure. In this study, a pressure drop of 6.5 mmHg between network inlets and outlets was assumed after hemodilution in the presence and absence of a HBOC. This value was chosen to provide an increase in blood flow rate that is within the range observed in experimental studies of hemodilution with volume expander or HBOC solutions (Kuo and Pittman, 1988; Paletta, 1999) . Despite the decrease in pressure difference relative to control, there is an increase in average network velocity as depicted in the histogram in Fig. 3C (striped bars). Hematocrit distribution in the network after hemodilution is depicted in Fig. 3D (striped bars). Inlet volumetric blood supply rate to the network increases after hemodilution to 3.99 Â 10 À8 ml/s (control 2.18 Â 10 À8 ml/s). Oxygen concentration in network inlets: PO 2 values or the oxygen content at network inlets are required for the simulations and are not known. Furthermore, the partial pressure and oxygen content at network inlets may change Table 2 . The values are also presented as solid symbols in Fig. 4 for each of the simulation scenarios. The solid circle represents the control condition of 50% Hct, while the solid triangle, square and diamond represent the three exchange transfusion scenarios. The inlet PO 2 values are based on the simplifying assumption of a constant O 2 loss of 1.73 Â 10 À9 ml O 2 /s upstream from the considered network and blood flow rate before and after hemodilution from Table 2. Assuming that the plasma and RBC hemoglobin are fully saturated as they exit the lung, then
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If the pre-network losses (L) and the volumetric flow rate Q are known, then inlet O 2 content and PO 2 in the network can be estimated from the equation above. This value of L was chosen to approximate the experimental data in Fig. 4 for the control condition (i.e., 50% Hct). Data are presented in Fig. 4 as a function of Hct for three hemodilution scenarios and are reproduced from Pittman et al. (2003) . Phosphorescence quenching microscopy was used to measure PO 2 at the arteriolar end of capillaries in the hamster cheek pouch retractor muscle. Open triangles represent results from hemodilution with Hespan (i.e., a non-oxygen-carrying volume expander; C [Note that at 50% Hct, all three experimental data points describe the same control condition.] Fig. 4 presents data from N ¼ 20 animals for hemodilution with Hespan, N ¼ 9 for ''high P 50 '' and N ¼ 8 for ''low P 50 ''. The final concentration of free hemoglobin in the plasma is estimated from the following equation:
where Fig. 1 . A discharge hematocrit of 50% in the network's inlets and a pressure drop of 11.5 mmHg from the arteriolar inlets to the venular outlets were assumed for the simulations. Frequency diagrams of the velocity (C) and hematocrit (D) distributions in the network are also presented (solid bars). Simulations were also performed for a reduced (i.e., 10%) hematocrit scenario (striped bars).
in the infused hemodilution solution. Trendlines are added to the experimental data using linear regression. A onetailed t-statistic for the slope is utilized to test if there is a statistically significant (po0.05) decrease in PO 2 with hematocrit. A statistically significant decrease in PO 2 exist only for hemodilution with Hespan (slope: 83.3 mmHg; p ¼ 0.013). Blood flow was not measured simultaneously with PO 2 during this experimental study and, thus, the values in Table 2 do not correspond to the exact experimental conditions. The values utilized in the simulations are within the range of prior experimental observations for capillary RBC velocity before and after hemodilution (Paletta, 1999) . The presence of a HBOC should affect the blood flow through a change in plasma viscosity and NO scavenging, among others parameters. These effects are not considered here and blood flow remains the same after hemodilution with either volume expander or blood substitute.
Tissue oxygen distribution: In Fig. 5 oxygen concentration profiles from simulations are depicted. PO 2 is color coded in mmHg. In Fig. 5A , the simulation was performed under control conditions (50% hematocrit). Inlet RBC oxygen saturation was 68% (inlet PO 2 ¼ 41 mmHg) and the O 2 supply (i.e., oxygen content Â flow rate) was 3.8 Â 10 À9 ml O 2 /s. In Figs. 5B-D, different scenarios of hemodilution to 10% hematocrit are presented. In Fig. 5B , there is absence of plasma-based hemoglobin simulating hemodilution with a volume expander such as Hespan. Inlet RBC saturation was 15% (inlet PO 2 ¼ 13 mmHg). Fig. 5C corresponds to 8.9 g/dl of the ''high P 50 '' hemoglobin solution (P 50 ¼ 32 mmHg; n ¼ 2.4) in the plasma. In Fig. 5D , a concentration of 8.1 g/dl of the ''low P 50 '' hemoglobin is present in the plasma (P 50 ¼ 14.6 mmHg; n ¼ 2.15). The O 2 saturation of the RBCs entering the microvascular network is 69% and 43% (PO 2 ¼ 42 and 26 mmHg) for the high and low P 50 scenarios, respectively. Total oxygen supply in the network changed to 0.3 Â 10 À9 ml O 2 /s for the volume expander, to 4.7 Â 10 À9 ml O 2 /s for the high P 50 HBOC and to 4.4 Â 10 À9 ml O 2 /s for the low P 50 HBOC. These differences are attributed to the different oxygen carrying capacity of the blood after hemodilution with different HBOC solutions.
In Fig. 6A , the tissue PO 2 frequency distributions from the simulations in Fig. 5 are depicted and in Fig. 6B the average tissue PO 2 profiles along the axial (z) direction are shown. The majority of the tissue becomes hypoxic when the Hct is reduced from 50% to 10% without administration of a HBOC (i.e., hemodilution with Hespan). In contrast, hemodilution with either of the examined HBOCs maintained tissue oxygenation. The highest PO 2 values were recorded approximately in the middle of the tissue block where the arteriole is located and the lowest at the ends of the block near the venule. The PO 2 distribution for the ''high P 50 '' scenario is shifted to the right relative to control (i.e., higher PO 2 values). The average PO 2 for the ''low P 50 '' HBOC is less than the control case and the distribution is narrower. In Figs. 6C and D, simulations are presented using an increased tissue O 2 consumption rate (i.e., 3.3 times the resting). The arteriolar-venular PO 2 gradient becomes steeper (Fig. 6D ) and the tissue PO 2 distribution remains essentially uniform but over wider range of PO 2 values (Fig. 6C) . Fig. 7 presents the PO 2 in the network's venular outlet as predicted by the model for each of the hemodilution scenarios (Hespan, solid triangle; ''low P 50 '', solid square; ''high P 50 '', solid diamond) and the control case (solid circle). PO 2 measurements at the venular end of the capillaries from the experimental study are also reported for comparison. Data are reproduced from Pittman et al. (2003) . As in Fig. 4 , open triangles represent data from hemodilution with Hespan, open diamonds represent data from exchange transfusion with a ''high P 50 '' hemoglobin solution and open squares represent transfusion with the ''low P 50 '' solution. Trendlines are added to the experimental data using linear regression. A one-tailed t-statistic for the slope is utilized to test if there is a statistically significant (po0.05) decrease in PO 2 with hematocrit. A statistically significant decrease in venular PO 2 exists only for hemodilution with Hespan (slope: 58.5 mmHg; p ¼ 0.011). Theoretical simulations were in good agreement with the experimental results, showing that hemodilution with a blood substitute is able to maintain significant O 2 at the end of the capillaries. Phosphorescence quenching microscopy was used to measure capillary PO 2 in the hamster cheek pouch retractor muscle (Paletta, 1999; Pittman et al., 2003 Figs. 4 and 7) .
Network geometry, O 2 affinity and HBOC efficacy
Following the simulation of the experimental study, we examined a tissue volume at increased oxygen demand. We increased the complexity of the system by incorporating additional tissue modules with feeding arterioles and draining venules. In many tissues, arterioles and venules from adjacent modules are often positioned close to each other creating an arrangement where the arteriole from one module is paired with a venule from a neighboring module. This yields a ''shifted'' arrangement of the individual capillary networks (i.e., the arterial input is aligned with the venous output of the neighboring network). Thus, although flow direction in adjacent capillaries is usually ARTICLE IN PRESS concurrent, flow direction is often countercurrent in neighboring capillary networks (modules) (Fig. 8A) (Popel and Johnson, 1986) . In addition, arteriolar-venular distances vary from 325 to 475 mm while preserving the average value of 400 mm.
The purpose of these simulations was to test the effectiveness of HBOCs with different affinities in a network with increased complexity and heterogeneity. Simulations were performed for the control case with physiological systemic hematocrit (Hct ¼ 50%), and for reduced hematocrit (Hct ¼ 10%) in the presence of plasma-based hemoglobin (C pl Hb ¼ 7:5 g=dl) with high (P 50 ¼ 30 mmHg) or low (P 50 ¼ 15 mmHg) O 2 affinity. Simulation parameters for each scenario are summarized in Table 3 . We chose the PO 2 in the network inlets such as the O 2 supply in the tissue volume to remain the same in all three cases and we increased the O 2 consumption rate in the tissue (3.3 times the resting) to match the O 2 supply.
Tissue oxygen distribution: Fig. 8A presents the two tissue blocks in the staggered arrangement and Figs. 8B-D present the PO 2 distribution results (color coded) from simulations in this network. In Fig. 8B , simulation was performed for the control scenario (50% hematocrit). Steep concentration gradients appear in a direction perpendicular to the fiber/capillary axis (compare with Fig. 5A ). The PO 2 drops from 47 mmHg at the arteriolar inlets to 11.372.5 mmHg at the venular outlets. Comparison of mean PO 2 measurements (7SE) with theoretical predictions at the venular end of the capillaries. Phosphorescence quenching microscopy was used to measure capillary PO 2 in the hamster cheek pouch retractor muscle (Paletta, 1999; Pittman et al., 2003) (open symbols). Linear trendlines are added to the experimental data. Model predictions are presented as solid symbols. Experimental data and simulation results are for the three hemodilution scenarios: hemodilution with Hespan (triangles), exchange transfusion with a solution containing 10 g/dl of a ''high P 50 '' HBOC (diamonds) and a solution containing 9.1 g/dl of a ''low P 50 '' HBOC (squares). Slope for Hespan statistically significant p ¼ 0.011).
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Despite the significant O 2 content in the network's outlets, a tissue volume upstream of the venular end of the capillaries becomes hypoxic. In Fig. 8C , O 2 distribution is predicted for the reduced hematocrit (10%) case in the presence of 7.5 g/dl of plasma-based hemoglobin (P 50 ¼ 30 mmHg; n ¼ 2.2). The PO 2 drops from 38 mmHg at the arteriolar inlets to 9.972 mmHg at the venular outlets. The O 2 profile and the hypoxic region are similar to the control case. Simulation for the low P 50 HBOC (Hct ¼ 10%; C pl Hb ¼ 7:5 g=dl; P 50 ¼ 15 mmHg) is presented in Fig. 8D . PO 2 in the network's inlets was 25 mmHg and in the outlets 5.371 mmHg. Despite the significantly lower PO 2 at the venular end of the network, the hypoxic region is significantly reduced.
In Fig. 9A , the tissue PO 2 frequency distributions from the simulations in Fig. 8 are depicted and in Fig. 9B the average tissue PO 2 profiles along the axial (z) direction are shown. For the control and high P 50 case, approximately 7.5% of the tissue block is hypoxic (i.e., PO 2 o1 mmHg). Tissue hypoxia is reduced by $50% in the low P 50 scenario (i.e., 3.7% of tissue hypoxic). The lowest PO 2 values were recorded at a distant site from the venules. On the one side ARTICLE IN PRESS 
Discussion
This paper presents a detailed mathematical model that describes oxygen delivery to tissue in the presence and absence of plasma-based hemoglobin. The study extends a computational model described previously for studying O 2 transport to tissue (Goldman and Popel, 1999 , 2001 ). In the current study, (1) we present the development of a theoretical framework for studying O 2 delivery by HBOC, (2) evaluate representative computer simulations against experimental data on exchange hemodilution with HBOCs and a volume expander and (3) investigate the effect of network geometry on the efficacy of HBOCs for tissue oxygenation.
Network hemodynamics: For the estimation of hematocrit and velocity distribution in the microvascular network, the ''in vivo'' empirical correlations from Pries et al. (1994) were utilized. A more recent correlation (Pries and Secomb, 2005) could be readily incorporated in this model, but we do not expect any qualitative changes in the results presented here. Predicted velocity values depend on the pressure drop assumed between the network's inlets and outlets. In this study, the pressure drop across the network was adjusted to provide mean RBC velocities in the capillaries that is in agreement with experimental measurements (Paletta, 1999; Pittman et al., 2003) . After hemodilution, the blood flow changes due to a decrease in the viscosity of blood, reduced nitric oxide (NO) release from the arteriolar endothelium due to the decrease in wall shear stress and increased NO scavenging by the plasma-based hemoglobin. The blood flow may also depend on the oxygen binding properties of the HBOC and, thus, a difference in blood flow between HBOCs is possible. The dynamic control of blood flow has not been incorporated in the model and blood flows remain the same in the presence and absence of HBOCs at a given Hct. Based on the distribution of discharge hematocrit, the corresponding tube hematocrit can be estimated. The empirical correlation from Pries et al. (1994) for the relationship between H T and H D is based on in vitro experiments in glass tubes. Experimental studies as well as theoretical analyses (Constantinescu et al., 2001; Desjardins and Duling, 1990; Pries et al., 1997; Secomb et al., 1998; Vink and Duling, 1996) suggest a reduction of H T more than 50% of H D due to the presence of glycocalyx. Tube hematocrit will determine the RBC spacing inside the capillary and as a result will affect intravascular mass transport resistance.
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Pre-capillary O 2 exchange: A significant amount of O 2 is delivered to tissue through the arterioles (Intaglietta et al., 1996; Swain and Pittman, 1989 ) and tissue oxygenation is determined by O 2 exchange between the tissue and the capillaries, as well as between tissue and larger vessels such as arterioles and venules (Popel, 1989) . The distribution of oxygen delivery along the vascular tree may have significant clinical importance in the field of blood substitutes. It has been suggested, for example, that HBOCs with increased O 2 affinity (i.e., low P 50 ) may be able to deliver O 2 more efficiently in hypoxic regions by enabling blood to retain a significant amount of O 2 and deliver it to low PO 2 environments where it is most needed Sakai et al., 2005; Tsai et al., 2003) .
This study represents our first attempt to include precapillary arterioles and post-capillary venules with the capillaries and simulate oxygen delivery in a mesoscale tissue volume (i.e., a scale intermediate between the size of a single vessel and a macroscopic volume with dimensions 41 mm). In theory, larger vessels can be incorporated into the microvascular network and O 2 distribution can be predicted in macroscale tissue volumes. The number of blood vessels, as well as the significant difference in scale between large arteries/veins and capillaries, present an obstacle for full-scale simulations in a macroscale tissue volume. In addition to computational limitation, the real network reconstructions restrict simulations to relatively small volumes (i.e., less than 1 mm 3 ) (Secomb et al., 2004) . Thus, even computationally more efficient methods, such as the Green's function method, have been applied to relatively small tissue volumes with dimensions in the order of hundreds of microns (Secomb et al., 2004) .
Regardless of the methodology used for estimating PO 2 distributions, appropriate boundary conditions need to be specified; namely, the convective and diffusive fluxes of O 2 through the tissue boundaries are required. No-flux boundary conditions, although a reasonable first approximation, may exaggerate tissue hypoxia in regions near the boundary (Secomb et al., 2004) . Secomb et al. (2004) showed a significant effect of the boundary conditions assumed for simulations in mesoscale microvascular networks. One should anticipate that the effect of boundary conditions at the tissue exterior would be minimized as the simulation region increases towards macroscale tissue volumes. In this study, we utilize both zero flux (y-z plane in Fig. 5 ) and periodic conditions (y-z plane in Fig. 8) at the tissue boundaries.
Intravascular transport resistance: After hemodilution with an HBOC, the intravascular transport of O 2 will be enhanced due to facilitation of O 2 diffusion by the cell-free hemoglobin. In a previous study, we used detailed FEM simulations to estimate the mass transport resistance to O 2 transport in the presence of HBOCs incorporating a realistic geometry of the RBCs inside the capillaries, and examining the effect of parameters such as local Hct and PO 2 and HBOC O 2 binding properties and concentration in plasma (Vadapalli et al., 2002 ). Here we report that a monoparametric equation can provide a good fitting of these previous results and thus a good description for the enhancement of O 2 diffusion by the plasma-based hemoglobin at least for the examined parameter values. The equation stems from the assumption that the enhancement of mass transport will be proportional to the ratio of effective diffusivities in the presence and absence of HBOC. For a concentration of 7 g/dl of Hb in plasma, there may be a several-fold enhancement of the intravascular mass transfer coefficient k o depending on the HBOC affinity for O 2 (Fig. 2) .
Tissue oxygenation: A direct comparison of the theoretical simulations with experimental data is not attainable at this point as important parameters such as blood flow and hematocrit values and network geometry did not accompany the O 2 measurements. Nevertheless, experiments with both HBOC solutions revealed significant PO 2 values at the venular end of capillaries, suggesting that tissue oxygenation was preserved under both hemodilution scenarios. Computer simulations agree with the experimental data. Although, the ''high P 50 '' HBOC yields higher tissue PO 2 values (Figs. 5 and 6) (even higher than control) the ''low P 50 '' HBOC also maintains significant, nonhypoxic PO 2 values in the tissue and at the venular ends of the capillaries.
These preliminary results appear to argue against a ''low P 50 '' HBOC. It should be noted that the O 2 supply for the ''high P 50 '' scenario was slightly higher due to slightly higher concentration of Hb in the plasma. However, this difference cannot account for the $15 mmHg difference in average tissue PO 2 . Even if the O 2 supply rates were exactly the same, the high P 50 HBOC would yield higher tissue PO 2 and would still deliver more O 2 to the region. This is in agreement with previous simulations in 3D tumor microvascular networks that showed improved tumor oxygenation after a reduction of erythrocytic hemoglobin oxygen affinity (Kavanagh et al., 2002 ) (i.e., a right shift in the oxygen dissociation curve). It is also interesting to note that a Krogh-type analysis, in agreement with the detailed 3D simulations of Fig. 5 , predicts increased oxygen delivery and tissue oxygenation with higher P 50 values of either the erythrocytic or the plasma-based hemoglobin, if blood flow and pre-capillary O 2 loss remain the same.
The general notion for designing HBOCs with O 2 affinity similar or lower than that of blood has been challenged by recent experimental evidence. A number of experimental studies have reported improved O 2 delivery to tissues with HBOCs of low P 50 (Sakai et al., 1999; Tsai, 2001; Tsai et al., 2003) . The recent study of Cabrales et al. (2005) , for example, shows distinct improvement in tissue oxygenation when hemoglobin vesicles of low P 50 were transfused in comparison to high P 50 vesicles. This apparent disagreement between experimental and theoretical work may be due to assumptions utilized in theoretical development that limit the ability of theoretical models to capture critical physiological mechanisms.
Is it possible that the microvascular network anatomy favors, under some conditions, a ''low P 50 '' hemoglobin? In most tissues, arterioles and venules from adjacent modules are often positioned in a ''shifted'' arrangement that creates countercurrent flow between neighboring capillary networks (Popel and Johnson, 1986) . In Fig. 8 , we tested the effect of HBOC P 50 on O 2 delivery in a tissue block that contains arterioles and venules in such an arrangement. This configuration favors significant diffusive exchange (shunting) between arterioles, venules and capillaries. In our sample simulations, the ''low P 50 '' HBOC performed better and reduced tissue hypoxia by 50% (Fig. 9A ). This is attributed to a reduction in diffusing shunting. The low P 50 hemoglobin was able to supply the same amount of O 2 at a lower PO 2 . This reduced the O 2 concentration gradient and thus the diffusional exchange between nearby vessels.
Countercurrent flow, diffusive and convective shunting may result in venous PO 2 values significantly higher than PO 2 in the capillaries and the point of lowest PO 2 (''lethal corner'') to be shifted away from the venular end of the capillary. Simulations in Fig. 8 demonstrate such an effect and regions of low PO 2 appear upstream of the venular end of the capillaries. Krogh-type analyses of O 2 transport, on the contrary, predict a drop of PO 2 along the capillaries and PO 2 in the venules less than in the capillaries. This represents a limitation of Krogh's analysis that arises from the fact that diffusive shunting cannot be incorporated in Krogh's model where non-interacting tissue cylinders surrounding each capillary are examined in isolation (Beard and Bassingthwaighte, 2001; Van der Ploeg et al., 1994) . These observations highlight the importance of capillary network geometry in predicting tissue oxygen distribution and hypoxia. It also emphasizes the need for simulations in real complex vascular geometries. The model outlined in this study can incorporate real network reconstructions, such as the ones derived from scanning electron micrographs of corrosion casts or confocal microscopy observations (Secomb et al., 2004) .
The assumption for constant blood flow and a constant O 2 loss upstream of the network favors the ''high P 50 '' scenario. One should anticipate that O 2 losses from the arterial tree should be higher with the ''high P 50 '' Hb due to higher PO 2 values and thus a higher driving force for O 2 diffusion. Thus, a better description of O 2 loss from the blood vessels upstream of the examined network and how it is affected by hemoglobin affinity is needed. In addition, high PO 2 values may result in vasoconstriction and reduce blood flow and O 2 supply to the network. The model at this stage does not incorporate a description for the regulation of vascular tone and how it is affected after HBOC transfusion due to changes in factors such as local PO 2 , NO scavenging and shear stress. The model also does not take into account that changes in P 50 will shift delivery of O 2 between portions of the microvasculature with different O 2 consumption rates. Realistic network morphology and O 2 consumption distribution may also be required.
Tissue O 2 distribution and the development of hypoxia depends on many factors including the properties of the hemoglobin carrier molecule. Thus, a number of HBOC design parameters such as O 2 binding kinetics, NO reactivity or solution viscosity will affect O 2 delivery to tissue and the resulting distribution of PO 2 . The effects of these parameters on tissue oxygenation are complex and this complicates some of the choices in the design of these products. An optimal value for the oxygen affinity of an HBOC, for example, has to be such that will balance O 2 uptake in the lung, O 2 loss in the arteriolar network and vasoreactivity, with the ability to deliver O 2 efficiently in the microcirculation, especially to hypoxic areas. Further advancement of the mathematical models is required to investigate whether an optimal P 50 value exists across tissues and organs; such a model would provide a theoretical framework for the design of next generation HBOCs. length in agreement with the desired tortuosity. Anastomoses between neighboring capillaries that wrap around the fibers are also constructed as a series of cylindrical segments following the circumference of a given fiber. Finally, small pre-capillary arterioles and draining venules are also constructed in a similar fashion and connected to the capillaries. Each vascular segment was represented by seven numbers, as a cylinder in 3D space (i.e., six for the coordinates of the central axis and one for the segment radius). A text file with the coordinates of each cylindrical segment of the network in Fig. 8 is included as a supplement.
Intravascular transport: The model accounts for transport of dissolved and hemoglobin-bound O 2 in the RBCs and plasma, and treats blood as a two-phase medium (Eqs. (6) and (7)). O 2 flux to the tissue (J) and O 2 exchange between RBC and plasma (J RBC ) are needed for Eqs. (6) and (7) and are expressed by means of mass transfer coefficients k o and k cell . k o and k cell depend on a number of parameters including Hct, O 2 saturation of Hb, and RBC geometry. Expressions for the mass transfer coefficients as a function of Hct and O 2 saturation are acquired using FEM analysis described in detail in previous studies (Eggleton et al., 2000; Vadapalli et al., 2002) . When free hemoglobin is present in the plasma, the intravascular resistance in O 2 transport will decrease (i.e., k o will increase) due to facilitation of O 2 transport by the plasma-based Hb. FEM simulations are required to predict the new correlations for k o and k cell for a given concentration of HBOC and given O 2 binding properties (i.e., P 50 pl and n pl ). In this study, we performed a FEM simulation for each of the hemodilution scenarios and the control case and for multiple Hct values. [Note that each FEM simulation provides k o and k cell as a function of Hb oxygen saturation (Fig. 2) .]
Previous simulations (Vadapalli et al., 2002) suggest, however, that when Hb is present in the plasma and/or under conditions of low oxygen demand, the intravascular PO 2 distribution is relatively homogeneous (small intravascular PO 2 gradientso1 mmHg). In this case, we can simplify the system by assuming thatP RBC is equal toP pl and utilize Eq. (8) instead of Eqs. (6) and (7), effectively treating blood as a one-phase medium. For the one-phase formulation, an expression can be derived that predicts the enhancement in intravascular O 2 transport in the presence of plasma-based hemoglobin (Eq. (4)). This expression utilizes the mass transfer coefficient that should be proportional to an effective diffusion coefficient that accounts for facilitated O 2 transport. This expression eliminates the need for additional full-scale FEM simulations for the estimation of intravascular transport calculations, when HBOC is present in the plasma.
Intravascular mass transport resistance depends on the RBC spacing inside the capillary and as a result on the tube hematocrit (H T ). In this study, the in vitro empirical correlation from Pries et al. (1994) is utilized to relate tube and discharge hematocrit. The empirical correlation of Pries et al. (1994) is based on in vitro experiments in glass tubes. Experimental studies (Constantinescu et al., 2001; Desjardins and Duling, 1990; Pries et al., 1997; Secomb et al., 1998; Vink and Duling, 1996) as well as theoretical analyses (Constantinescu et al., 2001; Desjardins and Duling, 1990; Pries et al., 1997; Secomb et al., 1998; Vink and Duling, 1996) , however, suggest a reduction of H T more than 50% of H D in the presence of glycocalyx. This effect is not accounted and may increase intravascular mass transport resistance.
Numerical solution: A finite difference algorithm was developed for solving the system of equations numerically. The scheme utilizes an orthogonal grid with uniform spacing in each spatial coordinate in the tissue. The discretized blood vessel segments have non-uniform spacing. For each segment, discharge and tube hematocrit and average blood flow are known and Eqs. (6) and (7) (or Eq. (8)) provideP RBC andP pl (or P b ). The intersections of the grid lines with the vessel walls are identified and the appropriate boundary condition for Eq. (5) is applied at each intersection point. Eqs. (5)-(9) are discretized using a forward difference scheme to express spatial and temporal first-order derivatives and a central difference scheme to express the second-order spatial derivatives For the implementation of the boundary condition at the vessel wall, the method proposed by Benodekar and Date (1977) can be adapted to a 3D grid. The method, however, requires grid spacing much smaller than the radius of curvature of the boundary. Thus, for vessels with small radius (i.e., all vessels in the examined network), a different approximation was utilized. This approach distributes the O 2 flux at the intersection points of the grid lines with the ARTICLE IN PRESS Fig. A1 . Schematic drawing of microvascular network construction. Cylindrical tissue fibers are placed in a hexagonal arrangement. A capillary is placed around a fiber in one of twelve predefined equally spaced positions. Vessels are constructed as a series of small cylindrical segments running along the axis of the tissue fibers (z-axis). Tortuosity is assigned to the capillaries by random sinusoidal displacement and anastomoses that wrap around the tissue fiber connect neighboring capillaries.
surface of the vessel. Thus, each intersection point of a particular segment is treated as a point source. A grid line spacing smaller than the vessel's diameter guarantees a significant number of such intersection points per vessel segment. To conserve the O 2 flux, we equate the amount of O 2 leaving each segment with the amount that enters the tissue through the grid intersection points with the particular segment: L seg is the length of the blood vessel segment, n i,seg the number of grid intersection points within this segment, P w,i is the wall PO 2 at an x-intersection point (xi, yi, zi), (n x rP) is the x-direction component of the wall PO 2 gradient ¼ qP=qx xi;yi;zi , and Dy and Dz are the grid spacings in y-, z-directions, respectively. For y-and z-intersection points, the formula is modified accordingly. For small segments we can assume that P w,i EP w,j EP w . Eq. (A.1) yields is utilized in this study to update the PO 2 at the vessel wall every time (outer iterations) that new values for the blood and tissue PO 2 are estimated. In this study, a first-order forward difference scheme was adequate to represent gradients at the vessel wall. In previous studies, up to third-order schemes were utilized to provide an effective representation of the O 2 field near the vessel wall (Goldman and Popel, 1999 , 2001 .
We developed a FORTRAN 90 numerical code to solve this system of discretized equations. To simultaneously calculate the solution of PO 2 distribution in the blood and the tissue, we used an iterative scheme (outer iterations) where Eq. (5) and Eqs. (6)-(8) are solved independently for P w 's estimated at a previous iteration (time step). When the new oxygen distribution in the blood and the tissue is acquired, the boundary condition at the wall (Eq. (A.3)) provides new P w 's and the process is repeated until convergence. Time-dependent equations were solved for both transient and steady-state problems. In the first case, an explicit numerical scheme was utilized to provide solution from some initial condition to a final time point. For a steady-state solution, an implicit scheme was utilized for the solution of O 2 distribution in the tissue. We used an iterative (inner iterations) red-black successive over relaxation scheme (red-black SOR) (Ferziger and Peric, 1999) . This scheme is better suited for code parallelization (see below). When a steady state is the only result of interest and the solutions at intermediate time steps are not of importance, then the inner iterations do not need to proceed until convergence and it might suffice to perform only one inner iteration (Ferziger and Peric, 1999) . Thus, for steady-state solutions, only a few inner iterations were utilized per outer iteration (we usually perform two). Although this scheme does not provide an accurate solution at each time step, it allows the use of larger time steps and provides a steady-state solution faster than the explicit scheme (Ferziger and Peric, 1999) .
The numerical code was parallelized using 1D domain decomposition and message passing interface (MPI) as the communicator. The parallelization was implemented on an IBM RS/6000 SP POWER 3 Symmetric Multiprocessor (SMP) system running IBM Parallel Environment for AIX and XL FORTRAN. Each of the four nodes of the system consists of 16 333 MHz/2 GB memory processors. Typical runs were made on eight processors and for a tissue block of 100 Â 100 Â 800 mm 3 (or 75 Â 75 Â 400 grid points) with duration of approximately 7 h.
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